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ABSTRACT
A solution procedure has been developed to investigate the two-dimensional,
one- or two-degree-of-freedom flutter characteristics of arbitrary airfoils.
This procedure requires a simultaneous integration in time of the solid and
fluid equations of motion. The fluid equations of motion are the unsteady com-
pressible Navier-Stokes equations, solved in a body-fitted, moving coordinate
system using an approximate factorization scheme. The solid equations of
motion are integrated in time using an Euler implicit scheme. Flutter is said
to occur if small disturbances imposed on the airfoil attitude lead to diver-
gent oscillatory motions at subsequent times.
The flutter characteristics of airfoils in subsonic speed at high angles of
attack and airfoils in high subsonic and transonic speeds at low angles of
attack are investigated. The stall flutter characteristics were also predicted
using the same procedure. Results of a number of cases are included and com-
pared with numerical and experimental data where available. The effects of
mass ratio, initial perturbation, mean angle of attack, viscosity, and shape
and thickness, on the flutter boundary are also investigated.
*This work was performed under NASA Grant NAG 3-730. The authors acknowl-
edge Drs. K.R.V. Kaza and T.S.R. Reddy for the technical discussions and their
suggestions.
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GOVERNINGEQUATIONS
The fluid equations of motion used in the present formulation are the compres-
sible Navier-Stokes equations. These equations are written below in a conserv-
ative form. These are solved in a body-fitted, moving coordinate system using
an appropriate factorization scheme.
_tq + 5zE + 6yF = Re-I(_xR + 6yS)
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The structural dynamic model considered is a 2-DOF (pitching and plunging
motion) system. An Euler implicit scheme was used to integrate the structural
governing equation. The fluid and the solid equations were simultaneously
integrated in time to monitor how lift, moment, and drag vary with time.
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GOVERNING EQUATION OF THE 2-OOF STRUCTURAL MODEL
I_ + Sh"+ g_,-I- K_o_= M(t)
mh' + S_ + ghh+ Khh = -L(t)
• EULER IMPLICIT SCHEME FOR I1, h', etc.
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COMPARISONSOFUNSTEADYAIRLOADSONA NACA0012
AIRFOIL EXPERIENCINGDYNAMICSTALL
The present Navier-Stokes solver is able to obtain time-accurate results in
highly separated flows. The lift, drag, and momenthysteresis loops are shown
here and comparedwith experiments by McAlister et al (1982). The case is
shownof a NACA0012 airfoil oscillating in pitch with the meanangle of oscil-
lation 15 degrees and I0 degrees of amplitude of oscillation. The solver cor-
rectly predicts (i) the near-linear increase in lift during the upstroke;
(2) the dynamic stall which causes rapid variations in lift, drag, and moment
alike; and (3) the post stall recovery phase of the flow during the downstroke.
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VARIATIONOF LIFT ANDPITCHINGMOMENTCOEFFICIENT
FORPLUNGINGMOTION
The present code's ability to handle unsteady, transonic flows in a time-
accurate manner is illustrated in the figure below. The case is shownof a
NACA64A010airfoil oscillating sinusoidally in plunge at a free stream Mach
numberof 0.8 at zero meanangle of attack. The lift and pitching momenthis-
tory are plotted as a function of phase, and are comparedwith the Euler calcu-
lations performed by Steger (1978). Very good agreement is observed between
the two solvers.
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EFFECTSOFAIRFOIL-AIRMASSRATIOONFLUTTERSPEED
The present technique for the prediction of stall flutter was validated for
transonic flutter calculations where reliable numerical solutions exist. The
airfoil is a NACA64A006airfoil at a free stream Machnumber 0.85, and the
flow was assumedto be inviscid. The flutter speed predicted by the present
theory is plotted as a function of the airfoil-alr mass ratio (Wuet al.,
1987). For comparison, the results from the LTRAN2and UTRANS2(Ballahus,
1978) and UTRANS2 (Farret al., 1974) codes are shown. It is seen that the
Euler results agree very well with the prediction of the UTRANS2 code, while
only a qualitative agreement between the present results and the LTRAN2 code
could be found.
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RESPONSESOFTHE2-DOFSOLID-FLUIDSYSTEMAS A
FUNCTIONOFTIME
The following figure illustrates the time responses of a 2-DOFflutter calcula-
tion. The flow is assumedto be inviscid at free stream Machnumber 0.85. A
NACA64A006airfoil was released after the forced sinusoidal oscillation and
was allowed to follow pitching and plunging motions dictated by the structural
dynamic equations. By parametrically varying the airfoil air mass ratio during
this phase of the calculations, it led to dampedoscillations, neutral oscilla-
tions, stable oscillations, or divergent (flutter) oscillations.
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EFFECTSOFVISCOSITYONTHETIME RESPONSE
The effect of flow viscosity on the flutter characteristics for a 2-DOFsystem
was studied using the present solver operating in the Navier-Stokes mode. The
airfoil is a NACA64A006airfoil at a free stream Machnumber 0.85. Viscous
solution corresponds to a Reynolds numberof 9x106. The flutter boundaries
predicted by the viscous and inviscid calculations were within 2 percent of
each other, which means that in high Reynolds number transonic flutter studies,
inviscid calculations would suffice.
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TIMERESPONSESOFA 2-DOF SYSTEM
EXPERIENCING STALL FLUTTER
The stall flutter calculations are carried out using the Navier-Stokes/struc-
rural dynamics solver. The case considered was a NACA 0012 airfoil, initially
subjected to a sinusoidal pitching oscillation between 5 and 25 degrees. Dur-
ing the downstroke, around 23.8 degrees, the airfoil was released and was
allowed to follow a pitching and plunging motion dictated by the structural
dynamic equations. Two dimensionless speeds V*, 4 and 8, were considered.
At the lower speed, the airfoil began to undergo a damped sinusoidal oscilla-
tion and reached a stable condition eventually. The time history for the
speed V* equal to 8, however, showed a rapidly growing oscillating motion
indicative of dynamic stall flutter.
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COMPARISONFCALCULATEDFLUTTERBOUNDARIES
A comparison of flutter boundaries with the boundaries obtained by various
codes presented by Bendikson et al. (1987) is shownbelow. Twoartificial vis-
cosity models were used in the present calculations (Reddy et al., 1988).
The artificial viscosity in the present code is based on pressure gradient. In
model i, the pressure gradient was scaled by a constant coefficient, whereas
in model 2, it was scaled by the spectral radius.
The rotational effects of the flow behind the shock wave have strong effect on
the transonic flutter speed, depending on the chordwise location of the shock.
Neglecting the flow rotation effects results in predicting a higher flutter
speed.
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EFFECTOFMEANANGLEOFATTACK,INITIAL PERTURBATION,
ANDVISCOSITYONTHEFLUTTERBOUNDARY
The effect of initial perturbation, meanangle of attack, and viscosity are
shownin the figure below.
The effects of initial conditions, meanangle of attack, and viscosity on the
minima of the transonic dip seemnegligible. However, they have a significant
effect away from the dip. Similar results for meanangle of attack were
obtained by Edwardset al. (1983).
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EFFECTOFAIRFOIL SHAPE AND THICKNESS ON THE
FLUTTER BOUNDARY
The blade thickness and shape dictate the location and strength of shock,
thereby affecting the flutter boundary. The transonic dip shifts to higher
Mach numbers for symmetric airfoils with decreasing airfoil thickness to chord
ratios. For very thin cambered airfoils, the transonic dip occurs at lower
Mach numbers.
This effect is shown in this figure.
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FLUTTERBOUNDARYFORA SIMULATEDSR5TYPICAL
SECTIONSTRUCTURALMODEL
This figure shows the predicted flutter boundary of a simulated typical section
model of an SR5 propfan blade. The flutter Mach number predicted by the pres-
ent code is about _.5 percent lower than that predicted by linear theory and
experiment. This difference could be attributed to the simplified aeroelastic
model used in the present analysis.
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